Silica nanotubes (SNTs) with controlled aspect ratios and wall thicknesses have been developed via well-defined nanorods of nickel-hydrazine complex through a simple precipitation reaction in a reverse micelle, followed by silica coating using a sol-gel process and used for volatile organic compounds (VOCs) removal. The aspect ratios and wall thicknesses are controlled by tuning the amount of NiCl 2 solution and silica source (tetraethyl orthosilicate, TEOS), separately. The adsorption and desorption performance of different SNTs under static and dynamic conditions were investigated. Comparing with commercial silica gel (SG) and activated carbon (AC), SNT1.9-1 shows higher static adsorption capacities of n-hexane and 93# gasoline, good recyclability, relatively lower water vapor adsorption capacity, higher dynamic n-hexane adsorption capacity, and longer breakthrough time. The high adsorption efficiency and stability of SNT1.9-1 are associated with their uniform tubular structure, high aspect ratio, surface area and pore volume. The designed SNT1.9-1 with high VOC adsorption capacity and recyclability shows great potential for VOC removal.
Introduction
Volatile organic compounds (VOCs) are organic compounds with a boiling point of 100 °C and/or a vapor pressure of >1 mmHg at 25 °C . 1 This group of compounds are toxic and odorous, known as one of the most troublesome air pollutants (HAPS) emitted by industrial and natural sources. These compounds are the precursors of ozone and smog, 2 which can pose potential risk to environment and human health. It has been reported that prolonged exposure to VOCs even at low concentrations may cause mutagenic and carcinogenic effects to human beings. [3] [4] Hence the diminishing of VOCs has triggered growing public concerns and increasing stringent laws or regulations. [5] [6] Catalytic or thermal oxidation, adsorption, filtration, membrane separation, and condensation are often used to remove VOCs. 7 Among all the treatments, adsorption is one of the preferred choices referring to the global shortage of resources, because of its easy operation, low energy consumption and operational cost. [8] [9] [10] [11] In the adsorption process, the crucial aspect is the selection of suitable adsorbents with high capacity and sufficient efficiency for VOCs capture. Up to now, several porous materials have been widely adopted as adsorbents to eliminate VOCs, activated carbon (AC) is one of the most widespread adsorbents to eliminate the VOCs due to its well-developed microporosity which ensures the high adsorption capacities. 12 However, its application is limited by the sensibility to high temperature, difficult regeneration, and shortcomings of pore blocking and hygroscopicity. 13 Hence, alternate adsorbents are desirable to overcome these kinds of problems.
Because of large surface area, controllable and uniform pore size, open pore structure, high porosity, good mechanical stability, and in particular, reliable desorption performance, mesoporous silicas have great potential for the removal of VOCs. 14 In previous studies, MCM-41, [15] [16] [17] [18] MCM-48, 16, 19 SBA-15, [17] [18] [20] [21] [22] 16 micro/mesoscopic silicas, 16 hollow [23] [24] and macroporous ordered siliceous foams 25 have been used as adsorbents for the VOC removal. Recently, silica nanotubes (SNTs) have attracted particular interest because of their easy surface functionalization, porous wall structure, hydrophilic nature, bio-compatibility, [26] [27] [28] 33 However, there is no study has reported the specific impact of pore structure, aspect ratio and wall thickness of SNTs on VOC adsorption during adsorption/desorption process.
Here, SNTs with controlled aspect ratios and wall thicknesses were synthesized from nickel-hydrazine/silica core-shell rods by tuning the amount of NiCl 2 solution and silica source (tetraethyl orthosilicate, TEOS) in mild reverse micelle system. The size of as-synthesized SNTs are controllable, uniform and highly dispersible. The adsorption and desorption performance of different SNTs with different aspect ratios and wall thicknesses under static and dynamic conditions were investigated.
Experimental

Chemicals
Polyoxyethylene (20) cetyl ether (Brij 58) and hydrazine hydrate (100%, hydrazine 64%) were purchased from Aladdin. TEOS, sodium chloride (NaCl), sodium hydroxide (NaOH) and hydrochloric acid (HCl, 37.5%) were purchased from Sinopharm Chemical Reagent Co., Ltd.
Nickel chloride (NiCl 2 · 6H 2 O), potassium biphthalate (C 8 H 5 KO 4 ), diethylamine and isopropanol were purchased from Shanghai Lingfeng Chemical Reagent Co., Ltd. Cyclohexane was purchased from Enox. AC was bought from Xinsen Carbon Industry Co., Ltd., Shaowu, Fujian, China. Silica gel (SG) is a gift from Qingdao Xinli trade limited company. All reagents were used without further purification. Distilled water was used throughout the experiments
Synthesis
The nickel-hydrazine@silica core-shell structures were prepared according to a previous report. 34 For a typical preparation, 8.5 g of Brij 58 was dissolved in 15 mL of cyclohexane under magnetic stirring at 50 °C. Then, under stirring, 1.9 mL of NiCl 2 solution (0.8 M) was added and stirred until homogeneously. After that, 0.45 mL of hydrazine hydrate was added dropwise to the above solution. After 3 h stirring, 1 mL of diethylamine and subsequently 2 mL of TEOS were added into the system. The silica coating process was allowed to proceed for 2 h, followed by centrifugation and washing with isopropanol to remove the surfactant. Finally, the resultant nickel-hydrazine@silica composites were dispersed 300 mL of HCl solution (1 M) to obtain silica nanotubes. After 3 h stirring, the obtained SNT (denoted as SNT1.9-2) were recovered and washed by ethanol and distilled water until neutral. A series of SNT samples were synthesized by changing one parameter, while keeping the rest to be constant. By changing the amount of NiCl 2 solution in this system, we can obtain SNTs with different aspect ratios. 0.9, 1.4 and 2.1 mL of NiCl 2 solution (0.8 M) were selected to synthesize the other two SNTs, named SNT0.9-2 and SNT1.4-2, respectively. To obtain SNTs with different thickness, the amount of TEOS was varied in this system. Here, 0.5, 1, and 3 mL of TEOS were selected to synthesize of SNTs, which was termed as SNT1.9-0.5, SNT1.9-1, and SNT1.9-3 in this work.
Characterization
Transmission electron microscopy (TEM) experiments were conducted on a JEOL 2011 microscope (Japan) operated at 200 kV. The samples for TEM measurements were suspended in ethanol and supported onto a holey carbon support film on a Cu grid. Energy dispersive spectrometer (EDS) experiments performed on an Oxford Instruments (Britain) with an accelerating voltage of 200 kV. Nitrogen sorption isotherms were measured at 77 K with a Micromeritics ASAP 2020 analyzer. Before measurements, the samples were degassed in a vacuum at 130 °C for at least 3 h. The Brunauer-Emmett-Teller (BET) method was utilized to calculate the specific surface areas (S BET ) using adsorption data in a relative pressure range from 0.05 to 0.30. The pore size distributions and pore volume were derived from the adsorption branches of the isotherms. The pore size distributions were derived from the adsorption branches of isotherms by using the Barrett-Joyner-Halenda (BJH) model. 35 The total pore volumes (V t ) were calculated from the nitrogen amount adsorbed at a relative pressure of 0.98. The micropore volumes (V m ) and micropore surface areas (S m ) were calculated from the t-plot method. 36 Phase identification was carried out by X-ray powder diffraction (XRD) in a Bruker APEXⅡDUO use Cu Kα radiation over the range 10° ≤ 2θ ≤ 80°. Fourier transform infrared (FT-IR) spectra were collected on Nicolet Fourier spectrophotometer (Thermo Fisher Scientific, Waltham, Massachusetts), using KBr pellets of the solid samples.
Static isotherm adsorption measurements
Static adsorption equilibrium measurements at room temperature were carried out using a digital microbalance (Model YP/1002) with a sensitivity of 0.1 mg. 23−24 The adsorption-desorption properties of the VOCs or water vapor were determined in a desiccator with a series of VOCs or distilled water under the plate at the respective saturation pressure (water vapor of 3.17 kPa, n-hexane of 20.00 kPa, and 93# gasoline of 41.50 kPa, respectively). The desiccator was placed in a constant-temperature water container and equipped with an analytical balance. First, the powder sample was loaded on a weighing bottle (50 mm x 30 mm) without a lid. Under a high-vacuum of 0.9 mbar, the sample was heated to 100 °C for at least 2 h to remove all adsorbed impurities. After that, the weighing bottle (with a lid) was cooled to room temperature using a drying apparatus. Then the weighing bottle (without a lid) with an adsorbent inside was kept in contact with the VOCs or water vapor for sufficient time at 25 °C. After the adsorption became saturated, the desorption procedure was carried out by heating the sample to 100 °C in a vacuum environment for 75 min (until the mass of the sample does not change any more). All the static adsorption experiments were performed in triplicate (each including 3 adsorption-desorption cycles) to ensure the reproducibility of the data. According to the mass change of the sample before and after the adsorption and desorption procedures, the adsorption capacity and desorption percentage of the sample could be calculated as follows: (1) (2) where X and Y are the adsorption and desorption rates of the sample, m 1 and m 2 are the masses of the sample before and after the adsorption, and m 3 and m 4 are the masses of the sample before and after the desorption, respectively.
Titration of surface hydroxyl groups
The density of surface hydroxyl groups was determined according to Boehm titration.
23−24, 37−38 Typically, 0.50 g of sample was dispersed in a 100 mL mixture of ethanol and NaCl and then sealed and shaken thoroughly for 24 h. The pH value of the resulting suspension was first adjusted to 4.0 by 0.01 M HCl or 0.018 M NaOH and then the pH was further titrated from 4.0 to 9.0 with 0.018 M NaOH. The density of surface hydroxyl groups was calculated as follows:
which D (x10 20 g −1 ) is the density of surface hydroxyl groups of the sample, C, V and N A are the concentration of NaOH (M), which was calibrated by C 8 H 5 KO 4 , the titration volume of NaOH (mL) during the pH value of the resulting suspension varied from 4.0 to 9.0 and the Avogadro constant, respectively. W is the mass of the sample.
Dynamic adsorption measurements
The dynamic adsorption was carried out by a flow method reported by Hu et al. 20 About 4.8 g of sample was loaded in a fixed-bed reactor. Before adsorption measurements, samples were degassed at 100 °C overnight under vacuum conditions to remove the physically adsorbed water molecules and small organic impurities. Air was taken as a carrier gas and adjusted to keep a total flow rate of 0.135 L min −1 (with an n-hexane concentration of 100 000 ppm). The adsorbed amount of adsorbate was determined by the concentration change before and after adsorption measurements performed by using a GC equipped with a flame ionization detector. The equilibrium dynamic adsorption capacity (q) of the adsorbents was calculated from the breakthrough curves according to the equation as follows: (4) where C A and C 0 are the outlet and inlet concentrations (g L −1 ) of the stream through the fixed bed column, respectively. F A (L min −1 ) is the mixed gas flow rate of n-hexane and air, and W (g) is the amount of the adsorbent loaded in the adsorption bed. The time range of integration was from 0 to t e (min), where te is the adsorption equilibrium time.
Results and discussion
As shown in Figure 1 , when the amounts of the NiCl 2 solution (0.8 M) are in the range of 0.9-1.9 mL with all the other conditions the same, the three samples are regular, uniform and dispersed hollow nanotubes and there is no obvious agglomeration. With the amount of the NiCl 2 solution increased, the length of the silica nanotubes increases significantly from ~47 to ~240 nm, with the wall thicknesses (9-10 nm) is almost the same, and the inner diameters in the range of 25-31 nm and the aspect ratio increased from 0.96 to 5.58 (Table S1 ). When the amount of NiCl 2 solution was further increased to 2.1 mL, the sample tends to be aggregated and not uniform. When the added the NiCl 2 solution (0.8 M) is of 1.9 mL and all the other conditions the same, with the amount of the TEOS solution is varied from 0.5 mL to 3.0 mL, the TEM images of the resulted are shown in Figure 2 . When the amount of TEOS is 0.5 mL, the silica tube is broken, not uniform and aggregated. With the amount of TEOS is further increased, the tubes become uniform and the wall thicknesses of the silica nanotubes increase significantly from ~5 to 9 nm, then to ~14 nm, while the length of the three samples are in the range of 213-240 nm. With the amount of the TEOS solution increasing from 1.0 mL to 3.0 mL, the corresponding aspect ratios decreased from 6.25 to 5.58, then to 4.17.
The nitrogen adsorption-desorption isotherms were used to study the surface area and porosity of the as-prepared SNTs without calcination. Figure 3 shows the nitrogen adsorption-desorption isotherms and the corresponding pore size distribution curves of the sample with the corresponding TEM images displayed in Figure 1 and 2 . Meanwhile, the physicochemical properties of SNTs are listed in Table S1 . The nitrogen sorption isotherm (Figure 3a and c) shows a type IV curve with two sharp capillary condensation steps in the P/P 0 range of 0.5-1.0. The capillary condensation step at the P/P 0 of ~0.55 is an indication of typical uniform mesopores in the wall, whereas the capillary condensation step occurring in the P/P 0 range of 0.8-1.0 is probably attributed to the existence of macroporous tubal cavities. Additionally, a distinct H3 hysteresis loop in the P/P 0 range of 0.5-1.0 indicates that the pores in the SNTs wall directly open into the hollow interior, supporting the idea that a guest molecule can quickly diffuse into the hollow space without any obstacle. Furthermore, the corresponding BJH pore size distribution curve (Figure 3b and d) shows two uniform pore sizes centered at ~2 and ~30 nm, respectively, which directly proves the bimodal nanoporous structure. As shown in the Table S1, the aspect ratio was changed by controlling the amount of NiCl 2 solution. Meanwhile, the BET surface area of SNTs decreased, the length of SNT and the pore volumes increased, and more pore space is available for adsorbing VOC molecules. At the same time, with the wall thicknesses increased (the amount of TEOS), the BET surface areas and pore volumes of the samples decreased simultaneously, it is not conducive to adsorption of VOCs. It can also be seen form Figure 3 a and c and Table S1 that all the SNTs samples have little micropores.
The powder X-ray diffraction (XRD) pattern of the nickel-hydrazine@silica core-shell of SNT1.9-1 before removing the template (Figure 4a*) , which exhibits a similar diffraction profile to that of the pure nickel-hydrazine nanocrystals, with all sharp peaks attributed to the structure of crystalline [Ni(N 2 H 4 ) 3 ]Cl 2 . 39 The broad peak at around 24° (2θ) confirms the presence of the amorphous silica shell. After the core-shell nanostructures are treated with HCl, the silica shell can be retained, while the nickel-hydrazine nanocrystals are removed by forming water soluble NiCl 2 , resulting in silica nanotubes, as shown in Figure 4a *. The characteristic broad peak for amorphous silica was only showed in the XRD patterns of SNT1.9-1 (Figure 4a*) at ∼24° (2θ), which means the complete removal of the nanocrystals from the core-shell structure. EDS analysis result also demonstrated that SNT1.9-1 did not contain Ni (Figure 4b ). As a preliminary application, the synthesized SNTs with different ratios and wall thicknesses were tested for VOCs adsorption. N-hexane has been used as a model VOC molecule to evaluate the static adsorption capacity of different SNT materials. The adsorption capacity of n-hexane and 93# gasoline on different SNT samples is shown in Figure 5 and Figure S1 . As is shown in Figure 5a and Figure S1a , compared to SNT0.9-2, SNT1.4-2 and SNT2.1-2, SNT1.9-2 has the highest n-hexane adsorption capacity (1.118 g/g), despite a relatively lower surface area (106 m 2 /g), but higher pore volume (0.62 cm 3 /g) and bigger aspect ratio (5.58). From the results of static adsorption of the SNTs, it can be seen from Figure 5a and b that static adsorption capacity of n-hexane and VOC molecules increases with the increase of aspect ratio. When the amount of NiCl 2 was kept, the addition of TEOS was increased (wall thickness increased accordingly), and the static adsorption capacity of SNT to n-hexane and VOCs was significantly decreased. Sample SNT1.9-1 possess the highest n-hexane adsorption capacity (1.477 g/g) with the largest pore volume 0.68 cm 3 /g and bigger aspect ratio (6.25) , this is a slight increase from the previously reported adsorption of VOCs on silicon-based materials. 23−26 It is noted that the adsorption capacities of 93# gasoline on different SNT samples show the same trend as those of n-hexane ( Figure  5b and d, and Figure S1b ). It can be found that the aspect ratio and wall thickness of SNT play a major role in the static adsorption capacity of n-hexane and VOCs. However, the oil vapor adsorption capacities of all the SNT samples are lower than that of n-hexane, which is in accordance with the small micropores of SNT samples and VOC molecules with larger molecular weight may not adsorbed by SNT samples. The adsorption capacity of n-hexane and 93# gasoline on commercial samples AC and SG is also shown in Figure 5 . The n-hexane and 93# gasoline adsorption capacities of SG in the first cycle are 0.438 g/g and 0.445 g/g (Figure 5b and d) , respectively, and the adsorption capacities are stable. As to the adsorption capacity of AC, in the first cycle n-hexane and 93# gasoline adsorption capacities are 0.6574 g/g and 0.5594 g/g (Figure 5c and d), respectively. However, the n-hexane and 93# gasoline adsorption capacities decreased in the second cycle, then changed slightly in the third cycle, and then kept constant during the following adsorption process, and the stable n-hexane and oil vapor adsorption capacities are 0.433 g/g and 0.367 g/g, respectively.
Water vapor is often present at high levels in gas streams. Many studies have pointed out that water vapor can compete with VOCs and thus influence the adsorption process, 39 resulting in a diminished capacity and a slow adsorption kinetics for the targeted adsorbates, especially at high relative humidity. Although mesoporous silicas have larger pores and high surface area which make them accessible to bulky molecules, their hydrophilic feature due to a large number of silanols (Si-OH) on their amorphous wall surfaces still affects their ability for the removal of VOCs. Therefore, it is very important to study the water vapor adsorption-desorption capacity. The water vapor adsorption capacities on different SNT samples and commercial samples (AC and SG) are listed in Table S2 . To understand the difference in the water vapor adsorption performance of various materials, the surface hydroxyl group density was titrated 39 and the results are summarized in Table S2 . It can be seen from Table S2 that the water vapor adsorption capacity increased with the increase of aspect ratio and decrease of the wall thickness, although there is little difference between the values. Sample SNT1.9-1 has the largest water vapor adsorption capacity (0.385 g/g), which is lower than that of SG (0.445 g/g) and AC (0.604 g/g) ( Figure 6 ). At the same time, the difference of the densities of the surface hydroxyl group of SNTs was not significant, which was consistent with the results of water vapor adsorption capacities. The number of surface hydroxyl group on the surface is determined by Boehm titration (Table S2 ). Figure 7 depicts the relationships between the density of surface hydroxyl groups and the water vapor adsorption capacities for different samples. The relationship between water vapor adsorption capacities of all the samples and the corresponding densities of surface hydroxyl groups is linear, where the linear fitting coefficient R 2 =0.991 (as shown in Figure 7 ), which reveals that the amount of adsorbed water molecules on the adsorbents is greatly influenced by the accessible silanol groups. Figure 8 shows the IR patterns of as-synthesized SNTs. The spectra contain a broad band at 3440 cm −1 for all samples, related to the silanol groups interacting by the hydrogen bonds. The peak at 1637 cm −1 can be attributed to the O-H bending vibration mode of the adsorbed water molecules. The bending vibration bands of the silanols are recorded at 950 cm -1 . 40 The intensities of the bands related to the Si-OH and O-H groups for all samples, which was correspond to the corresponding titrated results of the densities of surface hydroxyl groups and the water vapor adsorption capacities. The IR bands at 2920 cm −1 is ascribed to C-H stretching of the Brji 58 surfactant residues, which showed small intensity, indicating few methylene groups which were favorable for VOC adsorption. The desorption behavior of the adsorbents is important from their reuse. It would be ideal for practical applications if VOCs can be recovered using mild heat treatment and simultaneously the adsorbents can be regenerated. From the measurement of the desorption capacity of all SNT samples, a nearly complete desorption of water vapor (Table S2) , n-hexane and 93# gasoline can be found ( Figure S2 ). As shown in Figure S2 c and d, SG has stable and high n-hexane and 93# gasoline desorption efficiencies (almost 100%), and the water vapor desorption efficiency is 100%. As to AC, water vapor desorption efficiency is 100% (Table S2 ), but the VOC desorption efficiencies are low (73.2% for n-hexane and 57.3% for 93# gasoline, respectively) ( Figure S2 c and d) during the first desorption process, which leads to the VOCs adsorption capacity decrease, and the desorption efficiencies can reach 100% during the second and the following desorption process.
In many practical VOCs adsorption processes, a fixed bed packed by the adsorbents is used. A breakthrough measurement is a direct method designed to clarify the dynamic performance of VOC adsorption. From the above studies, SNT1.9-1 with high VOCs adsorption capacity, stability and relatively low water vapor adsorption capacity was adopted to investigate the dynamic adsorption and desorption behavior by comparing with commercial AC and SG. The typical breakthrough curves give the evolution of the C/C 0 ratio as a function of time, where C is the concentration of n-hexane at the outlet of the adsorption bed and C 0 is the concentration of benzene at the inlet. In general, the longer the breakthrough time is, the higher the dynamic adsorption capacity obtains. 39 To determine the dynamic adsorption performance of adsorbents, the breakthrough time, the equilibrium adsorption capacity, and the stability are important parameters. 39 The equilibrium adsorption capacity was obtained by measuring the area between the maximum baseline and experimental curves. The breakthrough curves of SNT1.9-1, SG and AC are shown in Figure 9 and the corresponding dynamic adsorption results are listed in Table S3 . The first breakthrough times of SNT1.9-1, AC and SG are 56, 38 and 16 min, respectively. And the first dynamic equilibrium adsorption times are SNT1.9-1 (96 min) > SG (70 min) > AC (50 min). However, the post-breakthrough curves of AC for n-hexane adsorption increase more gradually with time compared with the other two samples, implying significantly large mass transfer resistance in AC under experimental conditions. 17 In contrast, the post-breakthrough sharpness of the increase in n-hexane concentration for SNT1.9-1 and SG is more rapid, implying less diffusion resistance in the adsorbents during the adsorption process and fast mass transport, effective adhesion to substrates. 40 And the first dynamic equilibrium adsorption capacities are SNT1.9-1 (1.42 g/g) > AC (0.574 g/g) > SG (0.361 g/g). The dynamic adsorption results indicate that the as-synthesized SNT1.9-1 exhibit excellent adsorption performance with higher dynamic adsorption capacity than SG and less mass transfer resistance than AC. The high n-hexane adsorption capacity of SNT1.9-1 could be attributed to the high aspect ratio, small wall thickness and large pore volume, which improves n-hexane mass transport.
To test the reusability of the adsorbents in dynamic equilibrium adsorption process, SNT1.9-1, AC and SG was regenerated by thermal treatment at 80 °C in vacuum for 45 min until the mass of the samples does not change. The regenerated adsorbent was subject to further adsorption-desorption cycles. SG and SNT1.9-1 have stable breakthrough time and dynamic equilibrium adsorption capacity. The desorption efficiency of SNT1.9-1 and SG is 99.4 and 98.9%, respectively. However, the desorption efficiency for AC in the first cycle is only 73.7%, and the breakthrough time and the dynamic equilibrium adsorption capacity decreased dramatically in the second cycle, similar to that observed in the static adsorption process. After 5 adsorption-desorption cycles, the stable breakthrough time and dynamic equilibrium adsorption capacity of AC are ~ 26 min and 0.460 g/g (about 1/3 of that of SNT1.9-1), respectively. Considering the breakthrough time, the equilibrium adsorption capacity and the stability performance together, we conclude that SNT1.9-1 exhibits the best dynamic adsorption performance compared to SG and AC.
Conclusions
SNTs with tunable aspect ratio, wall thickness, and pore structure by changing the amount of NiCl 2 and silica source has been obtained. The adsorption and desorption performance of with SNTs with different aspect ratios and structural parameters under static (water vapor, n-hexane and 93# gasoline) and dynamic (n-hexane) conditions were evaluated with commercial SG and AC as references. SNT1.9-1 with large aspect ratio and pore volume, and small wall thickness has the highest VOCs adsorption capacity, good stability and comparable water vapor capacity under static conditions, and the best adsorption-desorption performance and recyclability under dynamic conditions, compared with SG and AC. The as-obtained SNTs have been shown to be promising as adsorbents in VOCs control.
